The role of environmental factors in the formation of zooplankton in tributaries of Lake Ladoga - Abstract. The role of environmental factors in the formation of zooplankton in tributaries of Lake Ladoga is still poorly investigated. The authors aimed at exploring composition and quantitative patterns of zooplankton development in the major tributaries of Ladoga and assessing the impact of environmental factors and features of river catchment basins on the parameters of zooplankton development. A total of 137 taxa ranking below genus were identified (56 species and subspecies of Rotifera, 57 of Cladocera, 24 of Copepoda). Species composition and patterns of quantitative development cannot be explained by any environmental factors or their combination. It is impossible to determine groups of rivers with similar patterns of zooplankton development basing on the composition and abundances of individual zooplankton species. River clustering based on hydrochemical and hydrological parameters and features of catchment basins provides an opportunity to distinguish groups of similar rivers. Total abundances of copepoda, cladocera, and rotifera in the rivers are closely associated with certain combinations of studied physiographic parameters. Physiographic factors, namely, the catchment basin area, water discharge, and lake percentage on the territory of the catchment basin, are the most important in the level of quantitative development of Copepoda, Rotifera, and Cladocera in tributaries of Lake Ladoga.
Introduction
Tributaries of Lake Ladoga greatly influence its water balance, hydrochemical water composition, biocenoses, and general ecological condition. River discharge counts for almost 85% of water balance input and more than 95% of chemical balance of the lake (Alekin, 1953) . In river ecosystems, zooplankton community is an important structural and functional unit, for exampe, zooplankton organisms are a primary food source for larval and some adult fish (Thorp and Casper, 2003) .
Zooplankton of lake tributaries have seldom been studied in comparison with zooplankton of lakes and reservoirs (Thorp and Mantovani, 2005; Turschak et al., 2011) . Development of zooplankton in rivers is controlled by a still poorly understood mixture of abiotic and biotic factors varying seasonally and correlated to chemical and physical features of the rivers and physiographic conditions of their drainage basins (Thorp and Casper, 2002; Zhao et al., 2017) .
Planktonic crustaceans and rotifers play a big part in the process of transformation and circulation of organic matter and so participate in river self-purification (Krylov, 2002a; Ejsmont-Karabin et al., 2004) .
Contrary to thoroughly studied zooplankton of Lake Ladoga (Andronikova, 1996; Kurashov et al., 1996; Telesh, 1996; Korovchinsky, 2000) , the zooplankton of its tributaries has not been properly studied.
Literature contains limited data on zooplankton communities of some rivers of the Northern Ladoga area (Ryzhkov, 1999; Kulikova, 2012; Ryabinkina et al., 2012) and main tributaries (Makartseva, 2004; Kulikova, 2012; Aleshina et al., 2014) . These data have been collected with the help of different methods at various times, therefore, the results cannot be properly compared, making it impossible to assess the influence of environmental factors on the communities of crustaceans and rotifers. It is vital to determine the patterns of this influence to provide a better understanding of the processes taking place in river ecosystems and opportunity to model and predict the zooplankton reaction to environmental changes, including those connected with current climate changes (Vadadi-Fülöp et al., 2009) .
Previous studies of the Lake Ladoga tributaries have shown that the development of phytoplankton in rivers depends on the supply with nutrients, first of all, phosphorus, and on factors such as the productivity in the source of the river, character and rate of river flow, presence or absence of lakes or widened stretches with retarded water exchange in the course of the river (Trifonova and Pavlova, 2004) . The role of environmental factors in the formation of zooplankton in tributaries of Lake Ladoga is still poorly investigated.
In this study, we aimed to explore qualitative composition and quantitative patterns of development of zooplankton in the major tributaries of Lake Ladoga, and to assess the impact of environmental factors and features of river catchment basins on the parameters of zooplankton development.
In the face of constantly increasing anthropogenic load on the Lake Ladoga catchment basin (Kondratyev and Trumbull, 2012) , it is important to reveal interactions between environmental factors and the state of biota. In this connection, the results of the current study can be used to develop the strategy for management and preservation of water resources of the Ladoga area rivers.
Materials and Methods

Study area
Three major tributaries can be determined within the catchment basin of Lake Ladoga: the Svir, the Volkhov, and the Vuoksa system of lakes and rivers, entering Lake Ladoga in two branches -the northern one, Vuoksa River, and the southern one, Burnaya River. Second-order tributaries are the Pasha, the Oyat, the Syas, and the Olonka rivers. Although the Pasha and the Oyat are tributaries of the Svir, they are considered to be independent lake tributaries, as they enter the Svir near its mouth. There are 20 major water courses entering Ladoga (Table 1) , including the Burnaya and the Vuoksa, which actually belong to the same Vuoksa system of lakes and rivers. For our study in 2011-2014 we chose the stations at the lower course of these rivers and at the Neva River head (Fig. 1) .
Material and data analysis
Our study included 9 periods: May, August, and October 2011, July and October 2012, June and September 2013, May and July 2014. Hydrochemical data were obtained with the help of YSI 6600D multiparameter automatic sonde (YSI Incorporated, USA) directly during the zooplankton sampling within the surface layers or assessed with routine methods at the laboratory (Semenov (ed.), 1977). The following parameters were measured and used for the statistical analyses (abbreviations are given for the variables that were later included in the regression equations): content of aluminium (Al, µg/l), copper (Cu, µg/l), iron (Fe, µg/l), lead (Pb, µg/l), zinc (Zn, µg/l), sodium and potassium (Na+K, µg/l), manganese (Mn, µg/l) , mg/l), total nitrogen (N tot , mg/l) and phosphorus (P tot , mg/l), inorganic phosphorus (P min , mg/l), total carbon (TOC, mgC/l), biological oxygen demand in 5 days (BOD 5 , mgO 2 /l), chemical oxygen demand (COD, mgO 2 /l), hardness of water, content of hydrocarbons (Carb, mg/l), content of oxygen (percent saturation and mg/l), content of total suspended matter, water colour (W col , degrees), turbidity (NTU), acidity (pH), specific conductance (Cond, mS/cm), total dissolved solids (TDS, g/l), temperature, content of chlorophyll (Chl, µg/l) and cyanobacteria abundance (BGA, cells/ml). Zooplankton samples were collected from the shore at open areas lacking macrophytes by pouring 100 L of water through the Apstein cone-shaped net (mesh size is 75 µm) and fixed in 40% formalin (diluted to 4.0%). Species composition and qualitative development patterns of rotifers of the tributaries zooplankton were assessed after processing the sediment samples. The material was processed according to the routine protocols described by Abakumov (1992) . Biomass of the organisms (raw formalin weight) was calculated using the formulas for the dependence between body length and weight of planktonic crustaceans (Ruttner-Kolisko, 1977; Balushkina and Vinberg, 1979) . Species composition was determined with the help of identification manuals (Rylov, 1963; Kutikova, 1970 ; Alekseev and Tsalolikhin (eds.), 2010). The following parameters were used to characterize the zooplankton community: number of species (n), abundance (N, ind./m 3 ), biomass (B, mg/m 3 ), the Shannon diversity index (Shannon, 1948 ) estimated for both abundance (H N , bit/ind.) and biomass (B N , bit/mg). To separate groups of rivers, similar in zooplankton, the numbers of individual species of Copepoda, Cladocera, and Rotifera, and members of Copepoda, Cladocera, and Rotifera groups that have not been identified to species (Copepodits of Calanoida, Copepodits of Cyclopoida, Nauplii of Calanoida, Nauplii of Cyclopoida, Cyclopoida spp.) (86 variables in total), as well as total numbers of Copepoda, Cladocera, and Rotifera were used.
Statistical analysis of the variables was performed for each time period. Cluster analysis, correlation analysis and regression analysis (stepwise multiple regression) included in Statistica 6.0 software package (StatSoft Inc.) were used to reveal In the investigated rivers, a total of 137 zooplankton taxa ranking below genus were identified in the lower course of the Lake Ladoga tributaries and the Neva River head. Rotifera group accounted for 56 species and subspecies (40.9%), Cladocera -57 (41.6%), Copepoda -24 (17.5%), including 6 members of Calanoida (4.4%), 18 -Cyclopoida (13.1%). The greatest number of species was found in large rivers: the Vuoksa (57), the Burnaya (51), the Volkhov (49), the Svir (45), the Neva (45), the lowest number -in the Kokkolan River (26) As a rule, several species simultaneously prevailed in the rivers. Among Cladocera B. (E.) coregoni was dominant more often than any other zooplankters ( Table 3 Table 2 ). Table 2 ). The values of the Shannon index for zooplankton abundance (H N ) varied from 0.29 bit/ind. (the Pasha River) to 3.07 bit/ind. (the Vuoksa River) and from 0.18 bit/mg (the Yanis River) to 2.89 bit/mg (the Vuoksa River) for zooplankton biomass (B N ).
Mean values of Rotifera abundance were higher than those of the crustaceans in the Tuloksa and the Morje rivers, mean biomass -in the Burnaya, the Tuloksa, the Morje, the Kokkolan rivers. The Copepoda crustaceans prevailed in both number and biomass in the zooplankton communities of the Neva head and the Volkhov mouth. Mean values of number and biomass of Cladocera were higher than total values of other zooplankton groups in the rest of the rivers (Figs. 2, 3) .
Statistical analysis
Cluster analysis of the variables was performed for 9 time periods: May, August, and October 2011, July and October 2012, June and September 2013, May and July 2014.
When clustering rivers according to the species composition and species abundance, no similar clusters could be formed both in different seasons of the same year and in different years (Figs. 4-7 River groups of the Vidlitsa-Pasha-Tulema and the Tokhma-Kokkolan-Volkhov showed similar trends of clustering in spring and summer 2011; the Lava-Kokkolan and the Syas-Olonka -in summer and autumn; the Pasha-Tulema -in spring and autumn (Fig. 4) .
In 2012, the rivers did not form similar clusters for different time periods, when the analysis was based on the numbers of individual zooplankton species (Fig. 5) .
In 2013, similar trends of clustering were observed in case of the Kokkolan-Volkhov rivers in summer and autumn (Fig. 6) . In 2014, similar trends of clustering were only observed in case of the Lava-Pasha rivers and the Oyat-Naziya-Volkhov rivers in spring and summer (Fig. 7) .
The examples of river clustering based on the hydrochemical, hydrological parameters and the catchment basin features (4 periods of 9) are shown in Fig. 8 .
In general, the clusters of rivers similar in zooplankton communities did not coincide with the clusters of rivers that considered all the hydrochemical, hydrological parameters and the catchment basin features, in any year of studies (Fig. 8) .
Generally, the clustering based on the hydrochemical, hydrological parameters and the catchment basin features was consistent in different years and seasons. Similar rivers were grouped according to their physiographic position (Fig. 8) . The results of regression and correlation analysis did not show significant (p<0.05) relationship between the parameters of the development of individual zooplankton species and the assessed parameters of water of the Lake Ladoga tributaries.
Unlike the regression analysis that failed to show connection between the development of zooplankton species and the environmental factors, and to provide significant (p<0.05) equations of regression, the analysis of total numbers of Copepoda, Cladocera, and Rotifera resulted in highly significant correlations. 8 of 9 possible significant regression equations describing the group size as a function of a certain set of variables were obtained for Copepoda, 7 -for Rotifera, 6 -for Cladocera ( The coefficient of determination (adjusted R 2 ) for the resulting equations varied from 0.4975 to 1.000 ( Table 3 Table 4 shows the most common predictors of 9 regression equations for each of the groups of Copepoda, Rotifera, and Cladocera. The most common predictors of the regression equation for the Rotifera number were the catchment basin area, the lake percentage of the catchment basin (6 cases each), the content of sulphates, chlorides, and lead (5 cases each). The following predictors were considered significant (p < 0.05): the catchment basin area (6 cases), the lake percentage of the catchment basin, the sulphates content (5 cases). Common and significant (p < 0.05) predictors for the numbers of Cladocera zooplankters included the catchment basin area (5 cases) and the river discharge (4 cases). The content of chlorides and copper were included in the regression equations at the rate of 4. The numbers of Copepoda crustaceans were determined by such parameters of the regression equations as water discharge and the catchment basin area, found at the rate of 6. They were significant (p < 0.05) in 6 and 5 cases respectively. The regression equations included such variables as the area of wetlands within the catchment basin, the length of the river and some chemical parameters: content of metals (aluminium, copper and iron), pH, total dissolved solids, content of certain ions (Na+K, NH 4 + , Mg 2+ ), total carbon and total phosphorus, such physical parameters as turbidity and water colour ( Table 4) . 
-«--non-inclusion of predictor.
Discussion
The study performed in 2011-2014 showed that taxonomic composition of the zooplankton community of the rivers of Lake Ladoga local catchment basin and the Neva River was common to the fauna of water bodies of the European North (Kulikova, 2012; Ryabinkina et al., 2012) and was mostly cosmopolitan. The total list of species composition of the zooplankton communities of the studied watercourses, as well as the species richness of most rivers were formed by Cladocera. Rotifers predominated only in two rivers -the Kokkolan and the Burnaya. Virtually all species (99%) were found in Lake Ladoga (Rodionova, 2011) . The dominant complex of the river zooplankton communities was formed by the members of lake and littoral macrophyte complexe, due to high lake percentage within the areas of the catchment basins of the studied rivers (up to 14%). Biogeographic analysis shows that it is eurythermic and moderately warm-water species that prevailed in the integrated zooplankton complex of the lake tributaries.
Despite the fact that quantitative parameters of the Ladoga tributaries considerably varied between the stations during the study period, major trends of the zooplankton community development in different seasons can be described. In spring, the number and biomass of zooplankton of large rivers (Svir, Vuoksa, Burnaya, Volkhov, Syas) were essentially formed by the members of Rotifera, while in other tributaries -by copepods, mostly juvenile. In summer, the number of zooplankton in most communities consisted of Copepoda (Cyclopoida) and Cladocera crustaceans, and the biomass -of Copepoda (Cyclopoida and Calanoida) only. In autumn, all the groups of zooplanktons prevailed in numbers in different rivers and in different proportions, but the biomass was essentially determined by the members of Cladocera. The major trends in seasonal changes of the community of crustaceans and rotifers observed at the stations of study were common for lotic communities (Czerniawski et al., 2013; Gromova et al., 2013) .
Quantitative parameters of the zooplankton development considerably varied between different stations and different seasons, but the mean values over the period were low, which is typical for the watercourses of the region. The highest values of number and biomass were observed at the station at the Neva River head. Figures 2 and 3 show that in most rivers mean values of number and biomass of Cladocera crustaceans were higher than mean quantitative parameters of the development of Rotifera and Copepoda zooplanktons. A regular pattern of decrease in quantitative parameters of the zooplankton development in the rivers with smaller catchment basin areas can also be noted (Figs. 2,  3) . The only exception were low number and biomass at the lower course of a large tributary -the Volkhov River. The zooplankton community of the river mouth can probably be depressed by the Volkhov hydroelectric plant.
The results of the statistical analysis of the data we have performed show that, in case of river clustering based on the species composition and abundance, similar clusters in different seasons of the same year or in different years are almost never formed.
Virtually absent regular patterns in river clustering based on the number of individual zooplankton species and discrepancy in the obtained river clusters and the clusters of similar rivers, based on the physic-chemical parameters and the catchment basins features, indicate high variance and unpredictability of the development of individual species within the Lake Ladoga tributaries.
The results of regression and correlation analyses did not show significant (p<0.05) relationship between the parameters of the development of individual zooplankton species and the assessed parameters of water of the Lake Ladoga tributaries. http://www.aloki.hu • Such results prove that abiotic factors and physiographic characteristics of the rivers catchment basins certainly influence the zooplankton in the general way, but apparently the actual structure of community and the populations of individual zooplankton species of the Lake Ladoga tributaries are to a greater extent determined by other factors that were not considered in current study.
Perhaps, these factors include such hydrological parameters as the current speed, the width and depth of rivers, which, according to the concept of river continuum, have great impact on the species composition, the trophic structure, and the distribution of hydrobiont communities (Vannote et al., 1980) . The possible influence of the trophic state of the lakes that give rise to rivers and biotic interactions in the water courses on the development of zooplankton communities, should not be excluded, too (Krylov et al., 2007; Czerniawski and Domagała, 2010; Krylov et al., 2011; Chaparro et al., 2015) .
Similar results were obtained in case of 54 small water bodies of Wisconsin (USA), showing that the number of species and distribution of spring zooplankton communities were not correlated with physiographic features, pH, electric conductivity, total phosphorus, nitrogen, ions of calcium, sulphates, nitrates, chlorides and silicates (Schell et al., 2001 ).
In our study, we considered both individual factors that directly influence biota and such integrated variables as catchment basin area, area of wetlands, lake percentage of the catchment basin, etc. These integrated factors virtually determine the parameters considered in our study and the environmental factors that have not been defined and measured. It gives reason to the fact that these integral variables turned out to be the most significant ones and most commonly included in the regression models we obtained ( Table 4) . We did not manage to discover consistent correlations with any of studied parameters of water of the Lake Ladoga tributaries for individual zooplankton species. At the next stage we tried to reveal any possible association between the parameters of the environment and total abundances of Copepoda, Cladocera, and Rotifera groups. We performed multiple forward stepwise regression analysis involving 37 above-listed abiotic parameters at the first stage. The data shown in Table 4 prove that the integral factors (catchment basin area, water discharge, and lake percentage) are the most significant ones and most often included in the regression equations of the number of Copepoda, Rotifera, and Cladocera.
In earlier studies of the phytoplankton inhabiting the Lake Ladoga tributaries, the dependence of quantitative patterns of the community development on the lake percentage within the rivers catchment basins has also been revealed (Trifonova (ed.), 2006).
The dependence of the structure of plankton communities on the integrated parameters rather than on individual physic-chemical parameters has been shown for different types of aquatic ecosystems. The study of the impact of environmental factors on the zooplankton of lowland rivers of Central Russia has shown that the results of man-induced and zoogenic environmental influence are manifested in different ways, depending on many natural factors, especially hydrological ones (Krylov, 2002a (Krylov, , 2002b . Mechanism of effect of hydrological factors on zooplankton structure and quantitative parameters as element of the lotic ecosystems was shown in (Gromova et al., 2013) . The abundance of potamoplankton in the Vistula River (Poland) is also determined by hydrological conditions (Napiórkowski and Napiórkowska, 2013). The variation of water level and the flow pattern are the most important factors of structure and life of alluvial river ecosystems (Junk et al., 1989; Neiff, 1990 The results of the study of planktonic crustaceans in the reservoir cascade in Brazil indicate that the water residence time (WRT) and such morphometric features of reservoirs as their size, depth, and shape, have a considerable impact on the structure and functioning of zooplankton communities (Bini et al., 2008; Nogueira, 2010, 2013) .
The analysis of the data on the community of crustaceans and rotifers in the regulated Oder River revealed that the most important factor that determines the condition of zooplankton and the physic-chemical properties is WRT (Czerniawski et al., 2013) . The influence of hydrochemical factors on the zooplankton of the Novosibirsk reservoir is also connected to the peculiarities of hydrological regime in the parts of the water body (Dvurechenskaya and Yermolaeva, 2014) . Zooplankton of 20 lakes of Kejimkujik National Park (Canada) was strongly correlated with such factor as elevation, but not with the studied hydrochemical parameters (Bowman et al., 2014) . Only the differences in hydrological and geomorphological conditions led to structural and functional differences in the planktonic communities of the semiarid Macquarie Marshes (Australia) (Kobayashi et al., 2015) .
Content of Mg 2+ , Na + + K + ions and such metals as Pb, Fe, Cu, Al were included in the regression equations less frequently ( Table 4) . It is well-known that depending on chemical and physical speciation, metals can enter the zooplankters in different ways; for instance, dissolved metals can come directly from water, while the particles of associated metals can be consumed with food (Sofyan et al., 2006 ). Thus, they have different impact on the short-term and long-term changes in structure and composition of the zooplankton community (De Paiva Magalhães et al., 2015). Unfortunately, we have no data on the form of metals present in the water of the tributaries and on their bioavailability for the organisms during the period of our study.
Total phosphorus content was often (up to 4 cases out of 9) included in our multiple regression equations describing total numbers of Copepoda and Rotifera ( Table 4) . Considering low natural concentrations of biogenic elements, especially phosphorus, in the catchment basin of Lake Ladoga (Appendix A), one might assume that the concentration of biogenic elements in rivers is the limiting factor for zooplankton, influencing the primary production of phytoplankton. Similar results were obtained for the rivers in Shanghai (China), where population figures and structure of the zooplankton community depended on the content of another biogenic element -total nitrogen, whose concentrations were 20 times lower than those of total phosphorus (Na et al., 2014) .
It is interesting that there are many studies describing positive correlation between qualitative patterns of the zooplankton development and water temperature (for instance, in such large rivers as the Danube (Hungary), the Oder (NW Poland)) (Vadadi-Fülöp et al., 2009; Czerniawski et al., 2013) , or between it and electric conductivity. However, according to the results of our study, these variables were not included in the equations linking the abundance of zooplankton groups in the Lake Ladoga tributaries and in the Neva River to the environmental factors. were low. The members of Copepoda and Rotifera were dominant in the lake tributaries in spring, Cladocera -in summer, Cladocera and Copepoda -in autumn.
The development patterns of individual zooplankton species of Copepoda, Cladocera, Rotifera in tributaries of Lake Ladoga was proven to be stochastic. Species composition and patterns of qualitative development cannot be linked to any environmental factors or their combination. It is impossible to identify groups of tributaries of Lake Ladoga with similar patterns of zooplankton development basing on the composition and numbers of individual zooplankton species.
River clustering based on hydrochemical, hydrological parameters and catchment basins' features provides an opportunity to distinguish groups of similar rivers that were consistently formed during different years and seasons. Groups of similar rivers were isolated according to their physiographic position. The cases of belonging of some rivers to different clusters in different time periods turned out to be rare.
Total abundances of Copepoda, Cladocera, and Rotifera in the tributaries of Lake Ladoga are consistently linked with certain combinations of studied physiographic parameters and features of the aquatic habitat, which was proved by the possibility to develop highly significant regression models, describing the number of zooplankton groups as a function of a certain set of variables. Integrated physiographic factors, like the catchment basin area, water discharge, and lake percentage of the catchment basin, are the most important in the level of qualitative development of Copepoda, Rotifera, and Cladocera in tributaries of Lake Ladoga. http://www.aloki.hu • 
